Human Lesch-Nyhan cells, which are coupling and have gap junctions, were fused with mouse cl-ID cells, which are noncoupling and lack gap junctions. The resulting hybrid cells were coupling and had gap junctions while they contained the nearly complete complement of parent chromosomes. As the hybrid cells lost human chromosomes, clones appeared among the segregants, which had reverted to the noncoupling and junction-deficient trait of the mouse parent cell. The human cell appears to contribute a genetic factor to the hybrids that corrects the junctional deficiency of the mouse cell.
The cells of many tissues form coupled systems in which molecules of a certain size range can diffuse directly from one cell interior to another (1) (2) (3) (4) (5) . This has been shown by electrical measurement and by studies with intracellular tracer molecules. The coupled cells behave as if connected by passageways that are sealed off from the exterior; the diffusion between cell interiors is rapid compared to outward diffusion (1, 6) .
The search for the cell-membrane differentiation implied by this coupling has been the object of many ultrastructural studies. Among the junctional structures of cell membranes that have been distinguished in the electron microscope, the gap junction (7) appears a likely site for the coupling. This disk-shaped structure presents subunits that are often hexagonally arrayed (8) (9) (10) ; and, in freeze-fracture, subunits are seen as membrane particles closely packed and in register in the two membranes (11) (12) (13) (14) (15) . The gap junction is likely to contain the coupling passageways, because (i) it has been seen in many kinds of coupling cells both in organized tissues and in culture (4, 5, 16, 17) -in two instances it is the only detectable differentiated junctional structure (18, 19) -and (ii) it has not been seen in the one noncoupling cell type hitherto scrutinized (19) .
However, the argument implicating the gap junction in coupling, although attractive, is not entirely free of pitfalls: in many cases the gap junction coexists with other differentiated junctional structures. Even in the two known instances where the gap junction seems to be the only structure with a pattern, there are, besides, other junctional regions where the membranes are closely apposed. Although Thus, on the whole, the available evidence for the gap junction serving as a site of cell coupling is entirely circumstantial and, hence, entails some risks of being deceptive. We have, therefore, thought it useful to take a new approach, in which we attempt to establish a genetic correlation between junctional structure and coupling. We hybridize noncoupling with coupling cells, and examine the junctional structure and the coupling in the hybrids and their segregants. The approach is an outgrowth of the recent finding in our laboratory that the coupling defect in certain noncoupling cell strains behaves like a recessive character; the defect is corrected by hybridization with coupling cells (20) .
For the present work we chose as partners for hybridization a coupling human cell in which the gap junction is the only discernible differentiated junctional structure, and a noncoupling mouse cell in which no differentiated junctional structure at all is detectable. (22) . These cells pile up in their dishes.
Hybrid Cells were derived from the fusion of the parent cells with the aid of inactivated Sendai virus (23) or from the spontaneous fusion of the parent cells (24) . For selection of the hybrids, the cultures were kept in HAT medium (25) With the aid of two microelectrodes, current was pulsed between the interior of a cell (I) and the medium, and the resulting potential changes (V) were measured inside this cell and a contiguous one (II) (Fig. 1, top inset) . The VII/V1 ratio, resolvable down to 0.02 or 0.05, provided a convenient index of the electrical coupling (6). The microelectrodes were connected to balanced bridge circuits and served each for current passing and potential recording. This permitted us to measure input resistance in each cell tested to check membrane integrity, and, thus, to rule out membrane damage due to cell impalement as the cause of the coupling deficiency in the noncoupling cells. The VII/VI ratios in the coupling parental human or hybrid cells ranged from 0.1-0.8; in most cases they were about 0.4. The cell resting potentials of the various cell types ranged typically from 5 to 30 mV, inside negative. 
RESULTS AND DISCUSSION
The two parent cells offer a simple contrast in their coupling.
The human cells are electrically coupled, and fluorescein spreads from one cell to another (Fig. 1) . Coupling between contiguous cells was found with a frequency of 100% (Table  1 ). In the mouse cells, the frequency was zero. No electrical coupling was detectable and fluorescein stayed within the confines of the injected cells. Table 1 summarizes the results.
The contrast in junctional structure between the parent cells is equally simple. The human cells have gap junctions, the mouse cells apparently do not. The gap junction transections of the human cells are roughly 4000 A long, show particles with an 80-A periodicity and, when infiltrated with lanthanum, a 30-to 40-A "gap" Fig. 2 ). The gap junction was the only differentiated junctional structure discernible in these cells. We scanned systematically in the electron microscope the regions of cell-membrane apposition, that is, the regions where the cell surface membranes (unpatterned) were less than 800 A apart. We found 36 gap-junction transections in a length of 825 /Am of membrane apposition in the human cells, or 4.4 junction transections/100 um. In the mouse cells, on the other hand, we did not find a single gap junction in a length of 5370 urm of membrane apposition scanned.
The early generations of hybrid cells took after the human parent cell in both coupling and junctional structure. One series of clones (series 1) had initially nearly one complete set of chromosomes from the human parent cell and two sets from the mouse parent cell. The cells of the early derivatives of these clones (la, lb, and lc in Table 1 ) were coupled. Electrical and fluorescein couplings were found nearly as frequently as in the human parent cells. These hybrid clones also had gap junctions. Clone la, for example, showed 6 gap-junction transections in 1615-jsm length of membrane apposition.
Upon continued cultivation, the hybrid cells tended to lose chromosomes, preferentially the human ones. This is a general feature of these parent-cell combinations (24) . We isolated several subelones in which many of the human chromosomes had been lost. These segregants fell in two classes in terms of coupling. In one class (clones la3pk, lbip, and lbpn), there were coupling cells and noncoupling cells. The coupling cells here had the peculiarity that while they were coupled electrically, they were not seen to transfer fluorescein. This peculiarity was shown most strikingly in experiments in which coupling was determined simultaneously by electrical measurement and fluorescein injection. Fluorescein did not spread detectably beyond the injected cell, whereas cell-to-cell spread of electrical current was detectable. The VII/VI ratios were usually lower than in the human parent cells or in the earlier hybrid generations, but the VI, values for any given current injected into cell I exceeded by at least three orders of magnitude the potentials recordable in extracellular locations.* (The noncoupling cells among these segregants were noncoupling in respect to both fluorescein spread and electrical current.)
In the second class of segregants (clones la3p, 2bps, and 2dp), neither electrical nor fluorescein coupling was detectable. These cells thus seemed to be segregants of the original hybrids which had reverted to the noncoupling trait. These cells had no discernible gap junctions.
Another series of hybrid cells (series 2) contained originally one set of chromosomes from each parent cell. These cells lost the human chromosomes too rapidly to be useful for coupling studies in early hybrid generations. By the time the first hybrid cells could be cloned and isolated, most of them had lost some 20 chromosomes. These cells, nevertheless, seemed to follow the coupling pattern of series 1: the clones with the highest number of human chromosomes (clone 2bp) still contained some electrically coupled cells, and those with fewest (clones 2bps and 2dp) were revertants, in that neither coupling nor gap junctions were found (Table 1) . (The latter clones, as well as clone la3p, were, in addition, revertants in respect to to the trait of piling up.)
The lengths of membrane apposition scanned in the noncoupling parent and revertant cells were 130-260 times greater than the mean membrane length (about 25 Am) between gap junction transections in the coupling cells (Table 1) . Hence, we conclude that if gap junctions do occur at all in the noncoupling cells, they are less abundant, per unit appositional area, by a factor of at least 1302 to 2602, or 17,000 to 70,000, than in the coupling cells.
Failure to find a structure in electron microscopy affords, of course, no certainty that the structure is absent. As pointed out above, this is precisely the uncertainty that afflicted even the best and most suggestive earlier evidence implicating the gap junction in coupling. However, this uncertainty is immensely smaller in the present study where the coupling correlates with gap junction and the noncoupling with its ab-* The coupling behavior of this class of cells resembles that of certain early embryonic cells (28, 29) . Possible explanations for the apparent lack of fluorescein coupling are: (a) the cell-to-cell passageways are too few for detection of fluorescein transfer in cell II; (b) the passageways are altered; flow of fluorescein, but not of the smaller inorganic ions that carry the cell-to-cell current, is blocked. The further possibility that fluorescein and inorganic ions take altogether different routes seems less likely, because electrical uncoupling is invariably paralleled by fluorescein uncoupling in several experimental situations of junctional blockage (1, 30, 31) . We have not examined this class of cells in the electron microscope. We will attempt to get quantitative information on gap-junctional area by the use of freeze-fracture techniques.
Proc. Nat. Acdd. Sci. USA 71 (1974) sence, not only in the very different parent cells but also in the hybrids and, most importantly, in their segregants. In the segregants we chose for study, the phenotypic trait of noncoupling had separated from a number of other traits that originally occurred together in the mouse parent cell: For example, clone la and the revertant la3p, which have opposite properties of electrical coupling, both contain, for example, inosine pyrophosphorylase and thymidine kinase. Thus, in view of the fact that we had no difficulties in finding gap junctions in the la clone, it is unlikely that we should have missed these junctions in the revertant clone had such junctions been there.
The results show a genetic correlation between the occurrence of coupling and of gap junction: They reveal that the human cell contributes a factor to the hybrids that corrects the junctiotial deficiency of the mouse cell. This factor is probably linked to one or more human chromosomes, since loss of human chromosomes in the hybrids resulted in reversion to junctional deficiency.
The gap junction thus appears to contain the coupling passageways in the present cell systems. However, this should not be taken to mean that the gap junction is the universal or sole mediator of coupling. Here and in a number of other vertebrate cells, there are no other obvious structural candidates for mediation of coupling. But in invertebrate cells, gap junctions coexist with the highly differentiated septate junction which, like the gap junction, displays, in freeze-fracture, an organized particle array (32) ; and in, at least, three such cell types the coupling is particularly close (6, 33, 34) . There are no a priori or experimental reasons at present for discarding the septate junction as another possible site of coupling.
Note Added in Proof. We are now also studying the cell junctions with freeze-fracture technique. Thus far we have examined three cell types, the parent human and mouse cells and the revertant clone 2bps. In all three, the results fully confirm our findings obtained with thin-section electron microscopy.
